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In this issue of Developmental Cell, Schuster et al. (2014) describe the signals regulated by the bHLH
transcription factor HEC1 during Arabidopsis stem cell maintenance. HEC1 acts antagonistically with other
factors, integrating multiple cues to provide a balance between cellular differentiation and proliferation.A fundamental question in biology is
how organisms maintain a balance be-
tween differentiation and proliferation. In
plants, postembryonic growth originates
from two independent pools of stem
cells that are found in the root and
shoot meristems (Figure 1A, area under
dashed line). Plant stem cells must
integrate both intrinsic and extrinsic
cues to decide whether to differentiate
or proliferate. Understanding the mole-
cular signals that control this delicate
balance has been the subject of
intense study for decades. In this issue
of Developmental Cell, Schuster et al.
(2014) add another piece to the puzzle,
providing insight into the complex
network of interactions underlying plant
organ formation.
Due to the lack of cell movement, cues
to maintain the potency of stem cells
usually come from interaction with other
cells, known as niche cells. In the shoot,
these niche cells reside in the middle of
the meristem, while stem cells reside
just above the niche cells (Figure 1A).
Stem cell division displaces cells out-
ward, where they lose contact with main-
tenance cues and undergo expansion
and differentiation. This tradeoff between
differentiation and proliferation is attained
through reciprocal interactions between
stem and niche cells.
The tight coordination within plant
meristems has parallels with airport
communications. Many pilots but few
air traffic controllers must be able to
communicate with one another and co-
ordinate their efforts to enable safe
takeoff and landing. Similarly, in the
shoot meristem, signals between many
stem cells and few niche cells coordinate
to achieve the right balance between
proliferation and differentiation. As with
airport communications, multiple modesof communication are required between
the two cell populations in order to
ensure proper regulation. A first layer of
communication between the niche and
stem cells was previously identified as a
negative feedback loop. A transcription
factor, WUSCHEL (WUS), expressed in
the niche cells non-cell-autonomously,
activates expression of a peptide,
CLAVATA3 (CLV3), in the stem cells.
Binding of CLV3 to its receptor on the
niche cells inhibits the expression of
WUS (Figure 1B) (Brand et al., 2000;
Schoof et al., 2000).
As with air traffic control, WUS must
utilize additional modes of communica-
tion to coordinate the balance between
proliferation and differentiation. Schuster
et al. (2014) now identify a basic-helix-
loop-helix (bHLH) transcription factor,
HECATE1 (HEC1), which is required to
antagonize niche activity and promote
stem cell proliferation. WUS is a nega-
tive regulator of HEC1, and repression
of HEC1 is necessary for niche identity
(Figure 1B). In a triple mutant of hec1
and the closely related hec2 and hec3,
the shoot meristem is smaller, suggest-
ing that the balance is skewed toward
excessive differentiation or reduced pro-
liferation. It was previously shown that
WUS expression in the niche cells pro-
motes proliferation by non-cell-autono-
mous maintenance of stem cell potential
(Laux et al., 1996), whereas expres-
sion of CLV3 in the stem cells pro-
motes differentiation (Clark et al., 1995).
Therefore, the authors postulated that
the expression patterns of CLV3 and
WUS would provide insight into which
pathway is regulated by HEC genes.
In the hec1;hec2;hec3 triple mutant,
WUS expression was reduced, and
CLV3 expression was increased and
expanded. Surprisingly, this expressionDevelopmental Cell 28,pattern does not fit the canonical nega-
tive feedback loop, which would predict
a coincident reduction in CLV3 following
WUS reduction. Therefore, HEC tran-
scription factors appear to uncouple
the WUS-CLV3 feedback mechanism.
These results suggest that the tran-
scriptional control of stem cells is highly
dynamic and combinatorial. To deter-
mine the role of HEC1 in proliferation
or differentiation, the authors undertook
a series of misexpression experiments.
When HEC1 was misexpressed in stem
cells, there was an expansion of the
meristem due to stem cell proliferation,
suggesting that meristem defects in
the triple mutant are due to reduced
proliferation.
To gain a better understanding of how
HEC1 functions in stem cells, Schuster
et al. (2014) performed transcriptome
analysis on the hec1;hec2;hec3 triple
mutant and on an inducible HEC1 line.
Interestingly, these profiles pointed to
previously identified WUS response
genes despite the fact that WUS and
HEC1 function in different cell popula-
tions (Busch et al., 2010). The analysis
revealed that HEC1 promotes stem cell
proliferation by inducing expression of
cell-cycle regulators (Figure 1B). Addi-
tionally, HEC1 promotes the expression
of type A ARABIDOPSIS RESPONSE
REGULATOR (ARR) genes, which func-
tion to dampen responses to the plant
hormone cytokinin and are repressed
by WUS (Leibfried et al., 2005). Thus, it
appears that WUS promotes cytokinin
responsiveness in the niche and that
HEC1 inhibits cytokinin responsiveness
in the stem cells.
In summary, Schuster et al. (2014) have
identified a bHLH transcription factor,
HEC1, that coordinates with WUS to
promote stem cell proliferation in theFebruary 24, 2014 ª2014 Elsevier Inc. 349
Figure 1. Shoot Apical Meristem Organization and Signaling
(A) The shoot meristem (dashed line) contains stem cells (blue) and niche
cells (red). (B) The balance between stem cell proliferation and differentiation
is a tightly regulated process. A canonical negative feedback loop between
WUS in the niche cells (red) and CLV3 in the stem cells (blue) is uncoupled
by the expression of HEC1. Downregulation of HEC1 in the niche is required
for niche cell fate, whereas the expression of HEC1 in the stem cells is required
to promote proliferation. Through modulation of type A ARRs, HEC1 reduces
cytokinin responsiveness in the stem cells, whereas WUS promotes cyto-
kinin responsiveness in the niche cells. ARR, ARABIDOPSIS RESPONSE
REGULATORS; WUS, WUSCHEL; HEC1, HECATE1; CLV3, CLAVATA3.
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Previewshoot meristem. These two
transcription factors act as
pilots and air traffic control-
lers to coordinate one aspect
of meristem function. This
communication mechanism
represents a bidirectional
feedback that relies on mo-
bile signals to coordinate
between the two cell popula-
tions. Although the authors
suggest that type A ARRs
are another mobile signal in
the shoot meristem, it re-
mains to be seen whether
ARR mobility is indispens-
able for meristem function.
Interestingly, the structure of
the signaling network under-
lying shoot meristem main-
tenance is not the same as
for root meristem mainte-
nance. While both rely on
mobile signaling factors,root stem cells demonstrate cell-type-
specific regulation with regard to niche
cues. The current challenge is not only
to uncover the complex signaling net-
works underlying meristem function but
also to understand how and why shoot350 Developmental Cell 28, February 24, 201and root meristems provide similar func-
tion yet rely on different signaling mecha-
nisms. Are the differences due to the type
of organs generated or due to variations in
organization of the two meristems?
Schuster et al. (2014) bring us one step4 ª2014 Elsevier Inc.closer to answering these
fundamental questions about
the control of stem cell activity
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